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ABSTRACT 


This  interim  report  reviews  the  progress  at  the  Naval  Weapons  Engine- 
ering Support  Activity  in  development  of  a mechanical  reliability  design 
guide.  Design  evaluation  techniques  under  consideration  are  included,  with 
emphasis  on  the  preparation  of  a Failure  Mode  and  Effects  Analysis  (FMEA) 
Military  Standard.  Existing  FMEA  procedures  are  examined  and  a FMEA 
standard  procedure  is  recommended  as  a basis  for  developing  improved  re- 
liability design  evaluation  techniques. 
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1.  Introduction 

NAVWESA  (ESA-11)  has  been  tasked  by  NAVAIR  (Air-340C)  under  Air  Task 
A3400000/184B/4F53-532-403  to  analyze  mechanical  reliability  prediction 
techniques  and  to  develop  design  evaluation  procedures  for  advanced- 
development  stage  non-el ectronic  equipment.  The  ultimate  objective  of  this 
research  is  publication  of  a mechanical  reliability  design  guide  which  will 
assist  mechanical  equipment  designers  in  evaluating  and  verifying  equip- 
ment reliability  on  the  drawing  board. 

To  establish  a basis  for  this  development,  ESA-116  initiated  a com- 
parative analysis  of  mechanic^  reliability  determination  techniques  in 
FY76  to  identify  present  design  evaluation  capabilities.  Investigations 
were  conducted  in  the  following  areas: 

a.  Reliability  estimating  and  prediction  techniques 

(1)  Accelerated  testing 

(2)  Functional  Reliability  Evaluation  Techniques  Ci^RET) 

(3)  Electric  circuit  analogy 

C4)  Summation  of  failure  rates 

(5)  Physics  of  failure 

(6)  Regression  analysis 

b.  Failure  Mode  and  Effects  Analysis  (.PMEA) 

c.  Equipment  standardization  approach  for  problem  identification 

d.  Mechanical  system  modeling 

e.  Test/validation  methods 

The  FMEA  surfaced  as  the  most  effective  design  evaluation  technique 
for  early  identification  of  design  problems  and  the  most  promising  base 
from  which  to  develop  further  design  evaluation  techniques.  In  Section  3, 
the  value  of  the  FMEA  as  a design  evaluation  tool  is  addressed.  The  major 
benefit  of  performing  on  FMEA  early  in  the  equipment  design  process  is  to 
provide  an  accurate  means  of  predicting  design-related  failures  to  allow 
low-cost  design  modification  and  establish  a realistic  developmental  test 
program. 


2.  Reliability  Prediction 

The  key  to  achieving  cost  effective  mechanical  system  reliability  is 
found  in  advanced  development  where,  because  of  the  early  point  in  time  of 
the  life  cycle,  engineering  changes  can  be  controlled  and  can  be  incorporated 
relatively  inexpensively. 

One  of  the  tools  used  by  reliability  engineers  in  evaluating  design 
is  mathematical  modeling  of  proposed  systems  based  on  summation  of  pre- 
dictable component  failure  rates.  Quantitative  estimates  of  reliability 
permit  the  comparison  of  alternate  designs,  the  effects  of  design  changes 
on  equipment  reliability,  and  the  evaluation  of  equipment  reliability  in 
relation  to  its  system  allocation.  Reliability  estimation  is  fairly  ac- 
curate for  electronic  equipment  because  confidence  levels  for  electronic 
component  failure  rates  published  in  M1!,-HDBK-217B  are  relatively  high. 

For  mechanical  components,  prediction  of  reliability  is  much  more  in- 
volved because  component  failure  rates  are  dependent  to  a large  degree  up- 
on the  design  configuration,  equipment  age,  operational  environment  and 
application.  Mechanical  parts  are  usually  not  standardized  because  of  the 
need  for  special  designs  that  often  perform  more  than  one  function.  There- 
fore, developing  valid  part  failure  rates  for  mechanical  cott?)onents  is  an 
extremely  difficult  task.  Those  failure  rates  for  mechanical  equipment 
which  have  been  published  are  usually  based  upon  the  exponential  distribu- 
tion and  assume  a constant  failure  rate.  Their  value  for  design  evaluation 
purposes  is  questionable. 

Meaningful  failure  rates  for  mechanical  components  will  not  be  avail- 
able unless  components  are  more  standardized,  failure  modes  and  failure 
causes  more  throughly  defined,  and  a data  base  established.  There  is  little 
doubt  about  the  feasibility  of  accurately  evaluating  reliability  of  non- 
electronic systems,  but  a valid  data  base  does  not  yet  exist.  Therefore,  cur- 
rent efforts  for  irn|irovninont  and  documentation  of  non-olectronic  reliability 
evaluation  techniques  are  not  based  on  sunitialion  of  coiii|)onent  failure  rates 
but  are  intended  to  assist  the  designer  in  design  evaluation  and  correction 
of  potential  reliability  problems  very  early  in  the  development  phase. 
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3.  Failure  Mode  and  Effects  Analysis 

In  the  advanced  development  stage,  a thorough  FMEA  provides  valuable 
assistance  for  the  design  team.  Its  results  identify  potential  problems, 
further  testing  requirements,  and  required  design  modifications.  The  FMEA 
may  evaluate  a system,  subsystem  or  component,  and  the  interrelationships 
of  elements  to  determine  the  effects  of  potential  failures  on  the  system 
and  the  consequences  of  the  failure  modes  on  equipment  performance. 

The  value  of  the  FMEA  as  a design  evaluation  tool  lies  in  its  potential 
to: 

a.  Simplify  a design 

b.  Improve  materials  selection 

c.  Identify  potential  hazards 

d.  Identify  test  program  requirements 

e.  Identify  critical  items  for  design  review,  inspection 

and  process  control 

f.  Pinpoint  unreliable  areas  for  logistics  consideration 

FMEA  procedures  have  been  prepared  by  various  agencies  and  industrial 
groups  and  each  one  guides  the  user  through  an  evaluation  of  a design  with 
different  requirements.  In  order  to  locate  the  most  appropriate  procedure 
or  combination  thereof,  the  Naval  Weapons  Engineering  Support  Activity  re- 
viewed the  existing  FMEA  bulletins,  standards  and  advisory  procedures.  Re- 
sults of  the  investigation  provided  a better  understanding  of  the  guidance 
and  doctrine  within  private  industry  and  the  Department  of  Defense.  The 
following  procedures  were  selected  as  germane. 

a.  SAE  Aerospace  Reconmiended  Practice,  ARP  926,  of  15  SEP  1967.  "De- 
sign Analysis  Procedure  for  Failure  Mode,  Effects  and  Criticality  Analysis 
(FMECA)".  Society  of  Automotive  Engineers,  Inc.,  485  Lexington  Ave. , New 
York,  N.Y.  10017. 

b.  Military  Standard,  MIL-STD-1629  (SHIPS),  of  1 NOV  1974.  "Procedure 
for  Performing  a Failure  I-lode  and  Effect  Analysis  for  Shipboard  Equipment." 
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Commander,  Naval  Ship  Engineering  Center  (COHNAVSEC),  Department  of  the  Navy, 
Center  Bldg,  Prince  George's  Center,  Hyattsville,  MD  20782. 

c.  EIA  Reliability  Bulletin  No.  9 of  NOV  1971.  "Failure  Mode  and  Ef- 
fect Analyses".  Electronic  Industries  Association,  G-41  Corrmittee  on  Re- 
liability, Engineering  Department  2001  Eye  St.,  N.W. , Washington,  D.C.  20006. 

d.  NASA  FMEA  Document  No.  AHB  5326-1  of  MAR  1973.  AMES  Research  Center- 
National  Aeronautics  and  Space  Administration,  Moffett  Field,  CA  94035. 

e.  NAVAIR  Preliminary  Drafts.  FMECA  MIL-STD  or  Specification.  Sourced 
from  AIR-340C  (OCT  1976),  AIR-5205  (AUG  1976)  and  NWESA-1183  (OCT  1976). 

A review  of  the  above  references  suggests  a need  to  naintain  currency 
and  to  standardize  FMEA  procedures  for  intra-DOD  agencies  and  for  Defense 
Department  contractor  use.  ARP  926  is  now  under  revision  and  NASA  is  origi- 
nating a new  FMEA  procedure. 

In  Section  4 of  this  report,  it  is  emphasized  that  there  are  now  in  wide 
use  at  least  two  different  basic  procedural  approaches  to  the  FMEA.  For  ex- 
ample MIL-STD-1629  uses  a "Top-down"  methodology  in  its  deductive  analysis 
of  shipboard  equipment  design,  whereas  ARP  926  prescribes  an  inductive  anal- 
ysis," from  the  "Bottom-up".  A third  approach  combines  the  desirable  aspects 
of  the  first  two.  "Criticality  Analysis",  for  instance,  is  approached  in 
depth  in  ARP  926,  but  with  little  emphasis  in  the  forthcoming  NASA  document. 

It  is  due  to  the  above  lack  of  industry-wide  standardization  that  authority 
has  been  requested  of  the  Defense  Material  Specifications  and  Standards  Of- 
fice to  generate  a military-wide  FMEA  standard  procedure  publication.  Ef- 
forts will  be  coordinated  with  all  appropriate  sources  in  order  to  generate 
an  effective  FMEA  Military  Standard. 


FMEA  Procedural  Considerations 

Preparing  a standard  FMEA  document  requires  that  each  element  of  the 
procedure  be  coordinated  with  interested  activities  to  ensure  completeness 
and  conpatability.  The  procedural  steps  requiring  examination  and  defini- 
tion include: 

a.  Define  the  system  and  its  requirements 

b.  Establish  a reliability  model 


Establish  the  assumptions  and  rules  for  performing  the  analysis 

Identify  failure  modes  and  their  effects 

Identify  failure  detection  and  isolation  methods 

Evaluate  criticality  of  the  failure  modes 

Document  the  analysis 


FMEA  methodologies  from  various  activities  form  a collective  basis  for 
a universal  military  procedure.  The  following  paragraphs  describe  these 
procedural  steps  and  their  variations. 

. ^ a.  Define  the  system  and  its  requirements 

The  first  step  in  performing  an  FMEA  is  defining  the  system  being 
analyzed.  A complete  definition  of  the  product  or  system  includes  its  use, 
performance  expected,  system  restraints  and  failure  definitions.  Defining 
the  system  and  its  requirements  is  accomplished  by  breaking  the  system  down 
Into  its  major  functional  blocks  and  describing  the  function  of  each  block 
and  the  interfaces  between  the  blocks. 

Any  system  is  designed  for  one  or  more  operational  modes  and  may  be 
active  during  various  times  of  the  day  or  phases  of  a mission.  Defining 
the  system  and  its  requirements  consists  of  functional  narratives  of  the 
system's  operation  for  each  operational  mode  or  mission  phase.  It  also 
includes  statements  of  primary  and  secondary  objectives. 

The  amount  of  detail  for  this  step  will  vary  to  a considerable  ex- 
tent with  system  complexity,  the  number  of  indenture  levels—'^  within  the 
system  and  the  uniqueness  of  the  system  function  performed.  The  narra- 
tive should  contain  as  a minimum: 

(1)  System  and  element  description  of  operation  in  each 
operational  mode  or  phase. 

(2)  r.xpf'cLed  mission  Limes  and  o(|ui|)iiicnt  utilization. 

(3)  Operational  and  environmental  stresses  the  system  is 

' expected  to  encounter  as  well  as  stress  limits. 

(4)  Functions  and  outputs  of  each  element  including  the  per- 
formance parameters  and  allowable  limits  for  each  specified 
output. 

(5)  Conditions  which  constitute  system  and  element  failure. 


l/"Indenture  level"  in  an  FMEA  refers  to  a group  of  components  within  a 
system  which  have  the  same  level  of  relative  complexity. 


A proper  definition  is  important  in  order  to  establish  a meaningful 
purpose  for  conducting  the  FHEA.  This  step  is  particulari ly  valuable  dur- 
ing exploratory  and  advanced  development  since  it  enhances  a thorough  un- 
derstanding of  the  system  and  its  anticipated  environment  prior  to  begin- 
ning the  actual  analysis.  Existing  FMEA  procedures  exhibit  some  weakness 
in  the  requirements  for  this  step  of  the  procedure  and  could  be  strengthened 
by  incorporating  some  minimum  requirements  similar  to  those  mentioned  above, 
b.  Establish  reliability  model 

This  step  graphically  displays  the  system  elements  to  be  analyzed; 
the  series  and  redundant  relationships  among  the  elements;  and  functional 
interdependencies  between  the  system  components  so  that  the  effects  of  a 
functional  failure  can  be  tracked  through  the  system.  The  model  provides 
for  analyzing  the  loss  effects  of  any  output  and  the  failure  relationships 
among  the  system  elements.  A reliability  block  diagram  must  be  prepared  for 
each  alternative  mode  of  operation.  While  each  of  the  FMEA  procedures  speci- 
fies a reliability  model,  obtaining  desired  results  can  be  a problem  and 
specific  details  of  generating  a reliability  model  are  needed  in  the  FMEA 
procedure.  The  reliability  block  diagram  should  contain  as  a minimim: 

(1)  A breakdown  of  the  system  or  subsystem  into  its  major  blocks 
including  functional  relationships. 

(2)  All  inputs  and  outputs  of  each  block  and  the  inputs  and  out- 
puts of  the  system  clearly  labeled. 

(3)  System  redundancies  or  other  design  means  for  preventing  com- 
ponent malfunctions  from  affecting  overall  system  performance. 

(4)  Separate  logic  diagrams  as  required  for  each  operational  phase 
or  mode. 

c • Establish  assumptions  and  rul es  for  performing  the  FMEA 

Depending  upon  the  type  equipment,  its  complexity,  utilization,  or 
progress  in  development,  several  different  approaciws  arc  rer.omwndcd  by  users 
of  FMEA  procedures.  The  basic  concept  of  each  of  the  approaches  nevertheless 
remains  the  same:  To  determine  what  items  in  an  equipment  can  fail,  the 

modes  of  failure  that  are  possible  for  each  of  these  items,  and  the  effect 
of  each  mode  of  failure  on  the  complete  equipment  or  lower  indenture  level. 


Two  primary  approaches  to  analysis  methodology  exist  within  the  basic 
concept  of  an  FMEA:  "Top-down"  (solnetimes  referred  to  as  "System  Technique") 

and  "Bottom-up"  (because  it  starts  at  the  "Parts  level"). 

(1)  The  Top-down  approach  proceeds  from  the  top  indenture  level  (total 
system  or  equipment)  to  successively  lower  levels.  The  Top-dov;n  analysis 
usually  identifies  non-desirable  system  functions  as  in  a Fault-tree  anal- 
ysis, and  the  equipment  is  analyzed  at  the  next  lower  indenture  level  to 
identify  any  failure  and  associated  failure  mode  which  could  result  in  the 
originally  identified  failure  effect.  For  each  of  these  second-level  failures 
the  process  is  repeated  by  tracing  back  through  the  functional  paths  and  re- 
lationships to  the  next  lower  level.  This  process  is  repeated  until  the  de- 
sired end  level  is  reached.  The  Top-down  approach  is  generally  preferred 
when  detailed  definitions  are  not  yet  available  during  conceptual  phases  of 
design  or  when  the  system  complexity  is  such  that  it  is  easier  to  list  sys- 
tem malfunctions  as  a starting  point  rather  than  listing  components.  The 
Top-down  method  of  analysis  is  event  oriented  and  can  easily  include  ex- 
ternal influences  in  the  analysis  such  as  the  environment  and  human  error. 

Thus  it  is  a good  technique  for  evaluating  multiple  failures. 

(2)  The  parts-level  approach  is  a Bottom-up  technique  identifying  fail- 
ure modes  at  the  part  level,  and  for  each  of  the  part  failure  modes  the  cor- 
responding effect  on  performance  at  the  next  higher  indenture  level  is  de- 
termined. The  resulting  failure  effect  becomes  the  failure  mode  at  the  next 
higher  indenture  level,  and  the  failure  effects  of  each  failure  mode  are 
analyzed  at  this  level.  Successive  iterations  result  in  the  eventual  iden- 
tification of  the  failure  effects  at  all  functional  levels  up  to  the  system 
or  highest  level.  Parts  level-up  analysis  is  a hardware  oriented,  more 
rigorous  technique  for  identifying  all  single  failures.  Many  dif rerent  fail- 
ure modes  will  relate  to  each  ulti>niitc  end  failure  effect  and  this  relation- 
ship permits  the  grouping  of  various  part  failure  modes,  flie  parts-level 
approach  is  favored  when  all  the  components  can  be  identified  and  the  equip- 
ment is  not  so  corplex  that  the  analysis  becomes  cumbersome. 

ARP  926  commences  the  FHEA  from  the  bottom-up.  MIL-STD-1629  prescribes 
a Top-down  analysis.  Electronic  Industries  Association  (EIA)  Bulletin  No.  9, 
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on  the  other  hand,  encourages  either  approach  be  used,  dependent  upon  the 
circumstances  of  the  analysis.  For  abbreviated  reference;  the  following  com- 
parison emphasizes  the  contrast  in  the  two  techniques:  , 

“Top-Down" 

Event  oriented.  Identifies  higher  level  events  or  events  subsequent 

to  failure. 

Certain  failure  effects  are  easily  analyzed. 

Failures  with  no  effects  are  not  considered. 

Optimum  technique  for  multiple  failures. 

Considers  external  influences  such  as  human  error. 

Deductive  in  nature. 

"Bottom- Up" 

Rigorous  technique  for  identifying  all  single  failures  (component 

f ai 1 ure  modes ) . 

Hardware  oriented.  Identifies  functional  failures  of  components,  sub- 
systems or  systems. 

Inductive  in  nature. 

« 

Neither  approach  can  be  considered  the  most  appropriate  technique  to 
be  used.  The  Top-down  approach  is  much  easier  to  manipulate  than  a parts 
level  analysis,  but  there  is  a certain  probability  that  failure  modes  of 
individual  components  can  be  overlooked,  thereby  raising  serious  questions 
as  to  the  value  of  the  analysis.  The  FMEA  procedures  in  existence  provide 
one  or  the  other  analytical  techniques  but  individual  equipment  types  and 
situations  dictate  which  approach  should  be  used.  In  some  applications  a 
combination  of  the  two  approaches  or  a modification  to  one  of  the  approaches 
should  be  considered.  The  FMEA  procedure  should  present  guidelines  for  de- 
ciding on  n Top-down  Or  Parts  lovel-up  iipproach. 

In  addition  to  determining  wliich  analytical  technique  should  be  used, 
other  ground  rules  must  be  established  prior  to  performing  the  actual  FMEA: 

(1)  The  indenture  level  at  which  the  analysis  should  begin  and 
at  which  level  it  should  end. 


(2)  The  environmental  and  operational  stress  limits  to  be 
considered  in  the  analysis. 

(3)  The  worksheet  format  and  the  coding  system  to  be  used 
which  will  permit  the  tracking  of  failure  modes  and  causes 
throughout  the  analysis. 

(4)  A definition  of  failure  for  system  hardware  or  software 
elements. 

d.  Identify  Failure  Modes  and  Their  Effects 

The  procedures  for  identifying  failure  modes  and  related  failure 
effects  can  be  effectively  employed  only  after  adequate  preliminary  pre- 
paration has  been  conducted. 

For  each  system  component  each  potential  failure  mode  and  its  effect 
on  the  system  is  analyzed.  Where  system  definition  has  not  reached  down  to 
the  piece  part  level,  the  system  component  will  be  an  assembly.  Where 
system  hardware  definition  has  not  reached  the  stage  of  identifying  system 
functions  with  specific  hardware  that  will  perform  these  functions,  the 
FMEA  should  be  based  upon  failure  of  the  system  functions.  In  this  case, 
the  general  type  of  hardware  envisioned  to  be  the  basis  for  system  design 
must  be  stated.  Whatever  the  indenture  level- being  considered,  the  failure 
modes  for  the  particular  system  component  are  listed.  Four  modes  of  com- 
ponent or  functional  failure  typically  considered  include: 

(1)  Premature  operation 

(2)  Failure  to  operate  at  a prescribed  time 

(3)  Failure  to  cease  operation  at  a prescribed  time 

(4)  Failure  during  equipment  operation 

Other  failure  modes  must  be  considered  dependent  upon  the  particular 
component  involved,  the  system  application,  mission  time  and  the  anticipated 
envi  ronment. 

The  FMEA  assumes ' that  only  the  failure  under  consideration  has  occured. 
When  safety  or  back-up  devices  exist  this  assumption  should  be  broadened 
to  include  the  failure  conditions  which  resulted  in  the  need  for  the  back-up 
function. 

Wliere  the  procedure  is  initiated  as  a bottom-up  technique,  the  failure 
effects  in  the  direct  functional  chain  to  higher  levels  are  determined.  It 


Is  also  ItTportant  to  Identify  what  happens  to  related  elements  In  the  same 
functional  level  and  the  interactions  that  could  result  at  lower  level  with- 
in any  of  these  related  elements.  Similarly  where  the  initial  procedure  is 
Top-down,  it  is  important  to  consider  all  of  the  higher  level  effects  that 
could  result  from  lower  level  failure  modes  initially  identified  with  a 
particular  higher  level  failure  effect.  This  is  especially  pertinent  where 
an  intermediate  function  feeds  or  couples  directly  to  more  than  one  higher 
level  function. 

In  some  of  the  top-down  FMEA's  reviewed,  several  of  the  undersirable 
system  level  events  were  tracked  down  to  an  intermediate  indenture  level 
in  such  a way  as  to  leave  voids  in  continuity.  In  completed  analyses  that 
utilized  a parts  level-up  approach,  many  of  the  component , failure  modes 
were  not  considered. 

The  FMEA  procedure  needs  to  provide  guidance  for  identifying  the  in- 
denture levels  at  which  the  analysis  should  start  and  stop.  Also,  a list 
of  standard  failure  modes  for  components  which  should  be  considered  by  the 
analyst  would  be  extremely  beneficial.  Ultimately,  the  value  of  the  anal- 
ysis remains  dependent  upon  the  analyst.  FME-A  procedures  must  be  tailored 
to  specific  needs  and  a cookbook  approach  is  not  recommended.  General  guide- 
lines with  minimum  acceptable  requirements  in  the  procedure  would  help  pre- 
vent an  FMEA  being  performed  as  an  end  to  itself  vihere  form  becomes  more 
inportant  than  content. 

e.  Failure  Detection  and  Isolation 

To  a large  extent  the  ability  of  the  equipment  operator  to  detect 
a malfunction,  the  ability  of  the  maintenance  technician  to  repair  an  item 
without  introducing  secondary  failures,  and  the  reaction  time  required  to 
institute  corrective  action  determine  the  effects  of  a given  failure  mode 
on  the  next  hiyiier  indenture  level.  To  lx;  effective  an  analysis  mtist  identi- 
fy those  critical  items  v/liich  give  the  operator  identical  indications  and 
those  critical  items  which  present  similar  malfunction  symptons  to  the 
maintenance  technician. 
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Minimum  requirements  for  considering  failure  detection  and  repair  need 
to  be  derived  for  a DOD  wide  procedure.  Generally  these  requirements  should 
Include: 

(1)  The  indication(s)  of  failure  presented  to  the  operator(s) 
or  maintenance  personnel  during  use  or  checkout. 

(2)  Controls  or  features  of  the  equipment  which  eliminate  or  reduce 
failure  mode  probability  and/or  the  seriousness  of  the  occurrence.  In  the 
FMEA  procedures  to  date,  very  little  enphasis  is  given  to  failure  detection 
and  isolation. 

•> 

Because  of  the  dependency  of  the  FMEA  upon  maintenance  philosophy,  a 
close  relationship  must  exist  between  the  maintenance  analysis  and  the  FMEA. 

f.  Evaluate  Criticality  of  the  Failure  Modes 

After  failure  modes  and  their  effects  are  identified,  probabilities 
of  occurrence  must  be  considered.  The  most  serious  failure  mode  is  not 
generally  significant  if  its  probability  of  occurrence  is  insignificant.  ^ 

For  this  reason  the  criticality  of  a failure  mode  is  usually  considered  to 
reflect  both  the  seriousness  of  the  malfunction  and  the  probability  that  the 
malfunction  or  undersired  event  will  occur.  This  relationship  permits  a 
predetermined  criticality  threshold  in  order  to  identify  ''critical"  situations. 

The  design  team  conducting  the  analysis  is  in  the  best  position  to  | 

evaluate  and  rank  the  seriousness  of  the  malfunction.  The  analyst  has  ] 

i 

described  the  system  and  developed  the  reliability  models.  If  the  equipment  | 
is  electronic,  MIL-HDBK-217B  can  be  used  to  determine  the  probability  of  a j 

I 

malfunction  or  undesirable  event  occurring.  However,  if  the  equipment  is  j 

mechanical,  quantitative  predictions  may  not  be  possible  since  valid  failure  j 

rates  for  mechanical  components  are  usually  not  available.  In  this  case  a \ 

relative  approximation  may  have  to  be  assigned  by  the  analyst. 

It  is  in  the  Criticality  Analysis  (CA)  that  further  differences  exist 
in  ncthodology  among  the  publications  referenced  in  this  report.  Each  addres- 
ses  probabilities  of  failure  mode  occurrence;  how  they  are  derived  and  used  ] 

will  show  different  approaches.  ARP  926  uses  generic  failure  rates  specified  | 

by  the  procuring  activity.  EIA  Bulletin  No.  9,  being  electronics  industry-  ■ 

oriented,  quantifies  mode  frequency  through  failure  rates  derived  from  ! 

MIL-HDBK-21 7B,  Rome  Air  Development  Center  (RAOC)  Reliability  Notebook  or  | 

I 

-1 

i 
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Government- Industry  Data  Exchange  Program  (GIDEP)  data.  MIL-STD-1629  largely 
uses  failure  probability  levels  based  on  contractor  estimated  quantitative 
failure  mode  probabilities. 

After  establishing  probabilities  of  occurrence,  the  degree  of  criticali- 
ty is  addressed.  EIA  Bulletin  No.  9 establishes  the  extent  of  degradation  of 
mission  performance  ("critical",  "major",  "minor")  along  with  desired  cor- 
rective action.  MIL-STD-1629  establishes  relative  values  for  "Level  of 
Severity"  and  "Failure  Probability"  for  each  mode.  Based  upon  these,  a 
criticality  matrix  is  used  to  provide  relative  criticality  tabulation. 

ARP  926  establishes  a separate  procedure  for  Criticality  Analysis  wherein 
the  critical  failure  modes  are  identified  first.  Then  a "Criticality  Number" 
is  calculated  for  the  system  components  having  critical  failure  modes.  The 
Criticality  Number  ranks  the  relative  impact  of  all  part  and  assembly  failure 
modes  according  to  the  magnitude  of  the  number. 

While  it  is  desirable  to  have  a quantitative  ranking  of  criticality, 
the  cost  of  generating  such  numbers  may  be  greater  than  the  benefits  derived 
if  the  equipment  is  in  the  early  design  stages  of  development.  A qualitative 
treatment  which  simply  identifies  individual  'part  failure  modes  in  relation 
to  a specific  system  failure  effect  is  sufficient  where  the  objective  is  to 
eliminate  the  occurrence  of  the  particular  failure  effect. 

g.  Document  the  Analysis 

For  the  FMEA  to  contribute  meaningfully  to  the  development  process, 
conclusions  which  strongly  lead  to  design  improvements  or  further  testing 
must  be  clearly  documented.  Calculated  probabilities  of  a criticality  anal- 
ysis merely  help  to  quantify  and  rank  failure  effects  for  further  analysis, 
and  the  documentation  effort  is  not  complete  until  critical  components  are 
identified  and  the  design  is  "debugged".  The  important  contribution  of  the 
documented  analysis  to  the  tlevelopment  program  is  the  increased  awareness  of 
the  design  group  of  the  interaction  between  factors  that  contribute  to  mal- 
functions and  normal  operation.  The  group  can  then  more  effectively  correct 
any  design  deficiencies. 

Minimum  requirements  for  documenting  the  analysis  need  to  be  devised. 
Generally  these  requirements  should  include; 
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(1)  System  definition 

(2)  Reliability  block  diagram 

(3)  Assumptions  and  rules  established  for  performing 
the  FMEA  and  CA 

(4)  FMEA  and  CA  worksheets 

(5)  List  of  critical  items 

(6) '  Conclusions  and  recommendations 

Section  4 has  addressed  procedural  considerations  in  conducting  an  FMEA. 
It  is  intended  to  develop  a service-wide  military  standard  on  the  subject 
which  would  provide  the  base  for  development  of  a mechanical  reliability 
design  evaluation  guide.  Contents  of  the  guide  will  be  structured  to  in- 
clude the  FMEA  as  a design  analysis  tool  and  to  optimize  results  of  the 
FMEA  as  a design  input. 

The  formulation  of  mathematical  modeling  techniques  will  require  de- 
velopment effort.  Louisiana  Tech  University  is  presently  determining  the 
feasibility  of  using  dimensional  analysis  techniques  to  aid  the  designer 
in  determining  critical  factors  in  reliability.  The  preliminary  report  is 
included  as  Appendix  A.  The  realistic  challenge  of  a design  guide  will 
require  additional  supportive  analytical  research,  as  well  as  cooperation 
from  agencies,  associations  and  individuals  interested  in  concrete  methods 
of  improving  mechanical  reliability  through  guidelines  for  design  analysis. 
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ABSTRACT 

This  report  documents  a study  to  determine  the  feasibility  of 
applying  dimensional  analysis  to  the  prediction  of  mechanical  reli- 
ability. The  study  concludes  that 'dimensional  analysis  is  an  essential 
tool  for  the  development  of  empirical  models  for  mechanical  reliability. 
As  an  example,  dimensional  analysis  is  applied  to  the  prediction  of 
mean-time-to  failure  for  involute  splines.  Advantages  of  dimensional 
analysis  are  enumerated. 
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INTRODUCTION 


In  conjunction  with  research  in  "Analysis  of  Mechanical  Reli- 
ability Prediction  Techniques"  being  performed  by  the  Naval  Weapons 
Engineering  Support'Activity  (ESA-11),  the  ultimate  goal  of  which  is 
the  publication  of  a mechanical  reliability  design  guide,  Louisiana 
Tech  University  has  performed  studies  aimed  at  improving  mechanical  reli- 
ability estimation  and  prediction  techniques. 

The  objective  of  the  research  on  which  this  report  is  iTased  was 
to  demonstrate  that  dimensional  analysis  is  an  essential  tool  for  the 
development  of  empirical  mathematical  models  for  mechanical  reliability. 
While  dimensional  analysis  by  itself  cannot  produce  a mathematical  model, 
dimensional  analysis  reduces  the  quantity  of  data  required  and  makes  the 
resulting  model  simpler  and  more  general.  Dimensional  analysis  also 
simplifies  the  application  of  regression  analysis  in  the  development  of 
mathematical  models  for  mechanical  reliability  prediction.  Furthermore, 
the  empirical  approach  using  dimensional  analysis  does  not  require  a 
theoretical  understanding  of  the  inner  workings  of  the  phenomenon  being 
modeled. 
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DIMENSIONAL  ANALYSIS 

Dimensional  analysis  has  been  used  extensively  in  the  fields  of 
convection  heat  transfer  and  fluid  mechanics  to  reduce  the  quantity  of 
experimental  data  and  theoretical  knowledge  required  for  the  develop- 
ment of  empirical  mathematical  models.  Applications  of  dimensional 
analysis  may  be  found  in  almost  every  text  on  these  subjects.  References 

4r 

(1)  and  (2)  are  examples  of  such  texts.  The  application  of  dimension- 
less groupings  of  variables  produced  by  application  of  dimensional 
analysis  is  used  universally  in  developing  empirical  mathematical  models 

V. 

(mathematical  models  based  directly  on  experimental  data  rather  than 
theory)  in  these  fields.  Dimensionless  groupings  of  variables  such  as 
the  Reynolds  Number,  Prandtl  Number,  friction  factor,  Mach  Number  and 
Nusselt  Number  are  familiar  to  all  who  work  in  these  areas. 

Dimensional  analysis  has  also  been  app.lied  to  electrical  circuits 
(3,  4,  5,  6),  electromagnetics  (4,  7),  electronics  (4),  mechanics  (3,  4, 
7,  8),  stress  analysis  (3,  4,  5,  7),  celestial  mechanics  (8),  geology 
(4),  thermodynamics  (3,  4,  7),  radiation  heat  transfer  (4,  5),  and  con- 
duction heat  transfer  (3,  7). 

Although  the  reduction  in  experimental  data  required  and  the  elim- 
ination of  the  need  for  detailed  theoretical  knowledge  of  the  inner 
mechanisms  of  the  phenomenon  are  exactly  what  is  needed  for  mechanical 
reliability,  workers  in  the  field  of  mechanical  reliability  seem  to  bo 


♦Numbers  in  parentheses  refer  to  an  entry  in  the  List  of  References. 


unaware  of  the  tremendous  potential  of  dimensional  analysis.  The  only 

application  of  dimensional  analysis  to  mechanical  reliability  that  has 

• « 

been  found  thus  far  is  incomplete  and  was  not  used  to  exploit  the  advan- 
tages of  the  method  at  all  (9).  Reference  (10)  cites  ds  a guideline 
for  parameter  selection  in  using  regression  analysis  to  predict  reli- 
ability of  mechanical  equipments,  "meaningful  parameter  combinations 
will  be  made  so  that  the  number  of  parameters  can  be  reduced  with  little 
or  no  information  loss."  No  significant  actual  use  of  "parameter  combi- 
nations" is  reported  in  reference  (10),  however. 

Principles  of  Dimensional  Analysis 

Dimensional  analysis  is  a tool  that  can  be  used  along  with  data 
to  develop  an  empirical  mathematical  model  of  a physical  phenomenon. 

The  use  of  dimensional  analysis  is  based  on  ".  . . the  single  premise 
that  the  phenomenon  can  be  described  by  a dimensionally  correct  equation 
among  certain  variables."  (7)  It  is  important  to  note  that  we  do  not 
have  to  be  able  to  write  the  equation  at  the  outset  in  order  to  apply 
dimensional  analysis.  Indeed,  if  we  were  able  to  write  the  equation 
(mathematical  model),  we  would  not  need  to  employ  dimensional  analysis. 
We  merely  need  the  assurance  that  the  physical  phenomenon  could-be 
expressed  by  an  equation.  One  of  the  main  advantages  of  dimensional 
analysis  is  the  fact  that  dimensional  analysis  does  not  require  that 
we  have  a knowledge  of  the  inner  mechanisms  of  a physical  phenomenon. 

In  onlor  l.o  apply  d jniens ional  atialysis,  v/e  do  ri(*od  lo  know  enough 
about  the  physical  phenomenon  to  identify  all  the  variables  that  affect 
the  phenomenon.  If  a variable  that  affects  the  phenomenon  is  omitted, 
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the  resulting  dimensionless  variables  ot>viously  cannot  be  used  to  accu- 
rately model  the  phenomenon.  Once  the  pertinent  variables  are  selected, 
dimensional  analysis  is  used  to  group  the  variables  into  dimensionless 
combinations  of  these  variables.  Thus,  dimensional  analysis  reduces  the 
number  of  variables  that  describes  a physical  phenomenon. 

Dimensions  and  Units 

Before  proceeding  further,  the  difference  between  units  and  dimen- 
sions must  be  made  clear.  Depending  on  which  system  of  dimensions  is 
used,  the  dimension  of  a physical  variable  may  be  expressed  in  terms  of 
mass  [M]*,  length  [L] , time  [T]  and  temperature  [0]  (mass  system);  force 
(FI,  length  [L] , time  [T1  and  temperature  [0] (force  system),  etc.  It 
can  be  shown  that  the  different  systems  are  equivalent.  In  this  report, 
the  mass  system  (sometimes  called  the  MLT0  system)  will  be  used  exclusively. 
A physical  variable  has  but  one  set  of  dimensions;  however,  its  magnitudes 
may  be  expressed  in  a number  of  different  units.  For  example,  the  dia- 
meter of  a cylinder  has  the  dimension  length  [L] , but  the  numerical  value 
of  the  diameter  may  be  expressed  in  a number  of  different  units  such  as 
millimeters,  centimeters,  inches,  feet,  etc.  Likewise,  shear  stress  has 
the  dimension  [ML  *T  *]  but  its  numerical  values  may  be  expressed  in 
pounds  per  square  inch,  pounds  per  square  foot,  newtons  per  square  milli- 
meter, etc. 

Dimensional  analysis  (a)  predicts  the  number  of  independent  dimen- 
sionless groups  that  can  bo  formed  from  a group  of  physical  variables 
and  (b)  provides  a systematic  means  of  forming  the  groups.  Dimensional 


*The  symbols  for  basic  dimensions  are  enclosed  in  brackets. 


analysis  does  not  provide  the  functional  relationship  between  the  dimen- 
sionless variables  (mathematical  model)— this  relationship  must  be 
determined  by  some  other  means,  usually  from  experimental  data.  If 
experimental  or  other  numerical  data  is  available,  regression  analysis 
can  be  employed  to  determine  an  equation  relating  the  dimensionless 
variables. 

Advantages  of  Dimensional  Analysis 

The  important  advantages  of  dimensional  analysis  are  sumnarized 
as  follows:’ 

1.  The  number  of  variables  required  to  describe  a physical  phe- 
nomenon is  reduced.  The  number  of  dimensionless  variables  is  given  by 
Van  Driest  (11 ) as: 

The  number  of  dimensionless  products  in  a complete 
set  is  equal  to  the  total  number  of  variables  minus 
the  maximum  number  of  these  variables  that  will  not 
form  a dimensionless  product. 

A rule  that  is  equivalent  and  easier  to  apply  is  given  by  Langhaar  (7): 

The  number  of  dimensionless  products  in  a complete  set 
is  equal  to  the  total  number  of  variables  minus  the 
rank  of  their  dimensional  matrix. 

In  most  instances,  the  ."maximum  number  of  those  variables  that  will 
not  form  a diiiiensiouless  product"  or  the.  "rank  of  Llieir  dimensional  matrix 
is  just  the  number  of  primary  dimensions  required  to  express  the  dimen- 
sional formulas  of  the  variables  involved.  For  example,  if  a physical 
phenomenon  is  described  by  7 variables  and  the  dimensional  formulas  of 


these  variables  can  be  expressed  using  the  3 primary  dimensions  [M], 

[L],  and  [T],  then  the  physical  phenomenon  will  be  described  by  7-3  « 4 
dimensionless  variables. 

Corollary  advantages  resulting  from  the  reduction 'in  the  number 
of  variables  are: 

a.  Data  requirements  are  greatly  reduced. 

b.  The  fitting  of  equations  to  data  is  facilitated. 

c.  The  resulting  mathematical  models  are  easier  to  use  and  to 
present. 

To  illustrate  these  advantages,  consider  again  a physical  phenome- 
non that  is  described  by  7 variables.  We  wish  to  establish  a relation- 
ship (model)  that  predicts  the  dependent  variable  in  terms  of  the  6 
independent  variables.  If  we  use  experimental  data  to  determine  the 
relationship  by  obtaining  experimentally  a value  for  the  dependent 
variable  for  5 values  of  each  of  the  independent  variables,  then  5®  = 
15,625  data  points  are  required.  If  the  results  are  presented  in 
graphical  form,  with  each  chart  representing  the  dependent  variable  as 
a function  of  2 independent  variables,  the  remaining  4 independent  vari- 
ables being  constant  for  that  particular  chart,  then  an  unwieldy  5"*  = 625 
charts  are  required.  If  the  relationship  is  expressed  in  equation  form, 
then  an  equation  containing  6 independent  variables  must  be  fitted  to  the 
data.  The  latter  is  a formidable  task  since  the  relations  are  most  often 
non-lincnr  and  many  different  variable  transformations  must  be  tried  for 
each  variable  in  order  to  obtain  an  equation  that  fits  the  data  well. 

If  dimensional  analysis  is  used  to  reduce  the  number  of  variables 
from  7 to  4 and  experimental  data  is  taken  for  5 values  of  each  of  the 


3 Independent  variables,  then  only  5*  = 125  data  points  are  required. 

In  this  case  data  requirements  are  reduced  by  over  99  percent  through 
the  use  of  dimensional  anslysis!  Additionally,  the  results  can  be 
presented  graphically  by  a set  of  5 charts  rather  than  625.  If  an 
equation  is  to  be  fitted  to  the  data,  the  equation  would  contain  only 
3 independent  variables;  consequently,  the  equation  v;ou1d  be  easier  to 
obtain  and  simpler  to  use  than  an  equation  containing  6 independent 
variables. 

2.  A knowledge  of  the  inner  mechanism  of  the  phenomenon  is  not 
required. 

3.  The  model  that  results  from  the  utilization  of  dimensionless 
groupings  is  very  general  in  nature.  For  example,  a particular  value 
of  a dimensionless  grouping  of  4 variables  may  result  from  any  one  of 
an  infinite  number  of  combinations  of  values  of  the  4 variables.  This  . 
characteristic  of  dimensional  analysis  will  be  discussed  in  a subsequent 
example. 

4.  The  value  of  a dimensionless  grouping  of  variables  can  be  varied 
in  an  experiment  by  varying  the  value  of  only  one  of  the  variables.  The 
experiment  can  therefore  be  planned  so  that  the  value  of  the  dimensionless 
grouping  is  controlled  by  varying  the  variable  that  is  most  easily  and 
economically  controlled. 

5.  Dimensionless  groupings  can  be  interpreted  physically,  thus 
adding  to.  the  understanding  of  the  phenomenon. 


Characteristics  of  Dlnionsional  Analysis 

Sonic  important  characteristics  of  dimensional  analysis  may  be 
summarized  as  -follows: 


1.  In  order  to  successfully  apply  dimensional  afialysis,  the 
phenomenon  must  be  understood  well  enough  so  that  all  the  variables 
that  affect  the  phenomenon  are  identified. 


2.  All  variables  must  be  quantifiable. 


3.  Dimensional  analysis  by  itself  does  not  provide  a model  of 
the  phenomenon.  Information  concerning  the  relationship  between  the 
variables,  most  often  in  the  form  of  experimental  data,  is  required. 

4.  Dimensional  analysis  does  not  explain  the  inner  mechanism  of 
a phenomenon. 


5.  The  more  we  know  about  the  phenomenon,  the  easier  the  dimen- 
sional analysis  and  curve  fitting  procedures. 
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APPLICATION  OF  DIMENSIONAL  ANALYSIS  TO  A TYPICAL 


CASE:  SPLINE  RELIABILITY  PREDICTION 

The  use  of  dimensionless  ratios  as  a tool  in  mechanical  reli- 
ability has  potential  for  a wide  range  of  components  and  systems.  For 
illustration  purposes  a single  component  with  simplified  assumptions 
will  be  used  in  the  following  paragraphs.  The  class  of  mechanical 
equipment  which  fails  mainly  due  to  wear  in  constant  rotation  has  a 
large  number  of  variables  suitable  for  dimensionless  grouping  and  a 
method  suitable  for  one  component  could  be  expected  to  be  similar  to  a 
method  suitable  for  another  component.  Components  in  this  class  include 
gears,  cams,  splines-,  sprockets,  bearings,  seals,  impellers,  rollers, 
casters  and  tires. 

Since  splines  are  of  special  interest  in  mechanical  reliability 
studies  by  the  Navy  at  the  present  time  they  were  chosen  as  an  example 
to  illustrate  the  method  of  dimensionless  ratios.  Splines  may  be  classi- 
fied as  fixed  or  working,  with  tooth  types  of  different  geometries  (such 
as  full  depth  involute,  half  depth  involute,  circular,  etc.)  and  possible 
failure  modes  include  fatigue,  shear  failure,  and  fretting  corrosion  as 
well  as  the  primary  failure  mode--wear. 

Forming  the  Dimensionless  Groups 

A listing  of  the  more  common  independent  factors  affecting  the 
wear  life  of  splines  with  a specified  type  of  teeth  includes:  length, 

diameter,  torque,  speed,  tooth  hardness,  and  misalignment.  Other  factors 
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SUCH  as  coniact  area,  bearing  stress,  ami  horsepower  transmitted  are 
n dependent  upon  the  above  factors  and  are  not  included  as  variables. 

In  order  to  be  expressible  in  equation  form,  a variable  must 


be  quantifiable.  The  present  state  of  knowledge  for  splines  does 
not  pennit  the  effect  of  lubrication  on  reliability  to  be  quantified. 
Similarly,  shock  loading  effects  and  tooth  type  have  not  been  quanti- 
fied. It  should  be  noted  that  shock  loading  effects  can  be  quantified; 
however,  much  experimental  work  would  be  required  and  a better  solution 
would  be  to  have  a separate  mathematical  model  for  each  application 
(general  type  of  shock  effect).  In  addition,  the  best  approach  is  a 


separate  mathematical  model  for  each  type  of  non-quantifiable  parameter, 
i.e.,  a different  model  for  each  type  of  lubrication  and  tooth  type. 

Adding  a dependent  variable,  mean-time-to  failure,  to  the  list  of 
six  independent  variables  gives  seven  variables.  A letter  symbol  will  be 
n used  for  each  as  follows: 


— Torque,  inch-pounds 


— Speed,  revolutions  per  minute 


--  Spline  length,  inches 


Spline  diameter,  inches 


— Tooth  hardness  (Brinell  hardness,  with  units  of 
kilograms  per  square  millimeter) 


— Misalignment  angle,  radians 


--  Mean  time  to  failure,  hours 


Using  the  pi  theorem  (Sec  Appendix  A)  the  seven  variables  are  put 


into  four  dimensionless  groups  as  follows: 


F-., 


I 
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Drinell  hardness  Is  used  because  It  has  a specific  set  of  units. 

If  other' values,  such  as  Rockwell  C are  used,  they  must  be  converted  to 
Brinell. 

To  simplify  the  frequent  use  of  these  four  parameters  throughout 
the  example  to  follow,  two  new  symbols  are  to  be  used,  namely  9 and 

0 = 60FN  and  may  be  considered  as  the  life  of  the 
spline  in  total  revolutions. 

1422BD* 

(|»  = r and  may  be  considered  as  a "strength-to- 

load"  ratio;  with  higher  numbers  indicating 
longer  life  for  a given  t/0  ratio  and  misa- 
lingment,  a. 

The  t/D  ratio  is  large  for  long  slender  splines  and  small  for  short 
stubby  splines.  In  this  case  the  diameter  was  taken  to  be  the  pitch 
diameter. 

Since  F is  in  hours  and  N is  in  revolutions  per  minute,  the  con- 
stant 60  minutes  per  hour  is  included  to  make  0 dimensionless.  Similarly 
1422  is  included  in  (J>  to  make  the  units  of  Brinell  hardness  campatible 
with  the  units  of  D and  t. 


The  procedure  now  is  to  find  the  relationship  that  exists  among 
the  four  variables  from  some  existing  theory  or  data.  Although  any 
one  of  the  four  variables  may  be  used  as  the  explicit  variable,  ,we  will 
choose  0 as  the  most  desirable.  That  is, 

0 = f((|.,  t/0,a).  (1) 


DaUi 


' In  order  to  find  the  unknown  function  in  the  above  equation  some 
spline  test  data  was  sought  that  included  all  the  parameters.  Some 
test  data  was  available,  such  as  from  Southwest  Research  Institute  (12), 
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but  the  values  of  N.  t,  D,  and  t were  the  same  for  all  the  runs.  An 
involute  spline  design  procedure  outlined  by  Raymond  J.  Drago  (13) 
includes  all  the  needed  variables  in  chart  form  to  establish  the  above 
functional  relationship.  It  was  decided  to  use  this  procedure  since 
results  would  be  more  complete.  A copy  of  this  procedure  from  Machine 
Design.  February  12,  1976,  is  included  as  Appendix  B. 

Table  1 in  Appendix  C was  constructed  by  choosing  several  dif- 
ferent values  of  L while  holding  all  other  variables  constant  to  give 
different  t/D  values.  The  second  half  of  the  table  is  constructed  to 
give  different  values  of  ()>  while  holding  all  other  variables  constant. 

Table  2 in  Appendix  C is  a more  complete  set  of  data  for  full 
depth  involute  splines  taken  from  the  Drago  charts. 

The  quantities  in  Tables  1 and  2 such  as  J (geometry  factor), 

Tp  (torque  factor),  B^  (bearing  stress,  and  (life  factor)  are 
explained  in  Appendix  B.  Also  the  numerical  values  of  a in  both  tables 
were  obtained  by  taking  the  mid-range  value  from  those  given  in  Appen- 
dix B for  light,  moderate,  and  heavy  misalignment. 

Establishing  the  Relationship  Among  the  Dimensionless  Variables 

Graphical . The  curves  shown  in  Figures  1 and  2 show  how  0 varies 
with  (|>  and  £/D.  When  the  two  curves  are  compared  it  is  noted  that  they  . 
are  similar  if  not  identical.  This  implies  that  the  two  variables, 
t/D  and  (j>,  may  be  combined  into  a single  dimensionless  variable  to  reduce 
the  number  of  variables  to  3 if  so  desired.  This  provides  an  extra 
measure  of  flexibility  in  using  the  dimensit«»>iess  variables.  Reduction 
to  3 variables  reducf’*'  still  further  the  amount  of  test  data  needed  to 
establish  a mati»<fi’'atical  life  model  for  a new  type  of  spline;  but  keeping 


il/D  as  a separate  variable  (jives  the  designer  a special  flexibility 
factor  for  selecting  spline  geometry  for  maximum  life. 

Figure  3 is  a set  of  curves  of  log  0 vs.  log  (^|^)  for  different 
values  of  a.  This  represents  the  relationship  among  the  variables 
in  graphical  fonn.  The  physical  significance  of  is  that  it 
represents  a ratio  of  tooth  hardness  to  bearing  pressure  for  the  par- 
ticular spline  and  its  application. 

Regression  Analysis.  Regression  analysis  was  used  to  determine 
the  exact  functional  relationship  for  0 as  a function  of  t/D,  (J>,  and 
a using  the  33  "data"  points  previously  discussed.  Several  linear 
regression  models  were  investigated. 

The  first  approach  used  a stepwise  regression  technique  to  pre- 
dict 0 with  the  variables  t/D,  (J>,  ot,  their  squares,  and  their  cross 
products.  In  stepwise  regression,  variables  are  added  to  the  model 
one  at  a time  until  no  further  improvement  can  be  found.  The  variable 
with  the  highest  correlation  with  the  dependent  variable  is  added  first. 
Other  variables  are  chosen  on  the  basis  of  their  ability  to  produce  a 
significant  F statistic.  The  F statistic  is  indicative  of  the  predictive 
power  of  the  model  being  tested.  It  also  reflects  the  goodness  of  the 
fit.  The  higher  the  F value,  the  better  the  model  describes  the  data. 

The  term  significant  means  that  the  F value  being  examined  has  a very 
small  probability  (<•. 05)  of  occurring  by  chance. 

' The  stepwise  regression  procedure  yielded  a model  of  the  form 
0 = a^  + a.|  a + a2  « . For  this  model  R = .26.  indicates  the 
proportion  of  the  variability  in  0 explained  (or  accounted  for)  by  the 
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curr^jnt  regression  model.  Since  74%  of  the  variance  in  0 was  unex- 
plained by  the  above  model,  it  was  deemed  unsatisfactory  and  another 
approach  was  initiated. 

Figure  3,  a plot  of  log  0 vs.  log  (t/D  • <j>)  for  each  of  the 
three  values  of  a indicated  a strong  linear  relationship.  A regres- 
sion model  of  the  form  log  <J)  = Oq  + a^  log  (t/D  • <^)  offered  support 

2 2 
for  this  notion  as  R = .81  for  the  case  a = .0005,  R = .82  for 

a = .0060  and  R^  = .93  for  a = .0025. 

A single  model  including  the  contribution  of  a was  then  investi- 
gated. This  model  was 

log  0 = -9.15  + 4.56  log  (t/D  • it)  - 2.36  log  a. 

2 

The  resulting  R value  was  .89.  Several  other  models  were  investigated, 

p 

but  each  of  the  other  models  had  an  R less  than  89%.  The  above  model 
was  chosen  as  the  best  predictor  of  log  0 since  it  explains  89%  of  the 
variance  in  log  0. 

Taking  the  antilog  of  both  sides  of  this  model,  we  have 

0 = 7.08  X 10"^°  (t/D  • (2) 

This  equation  was  used  to  generate  33  predicted  values  of  0 and 
comparisons  were  made  with  the  actual  data  points.  Figure  4 shows  a 
comparison  of  the  values  of  0 predicted  by  equation  (2)  vs.  the  actual 
data  point  values  of  0 for  the  33  data  points.  Figure  4 along  with 
the  value  of  R^  = 89%  demonstrates  that  MTTF  for  this  spline  case  can  be 
predicted  by  developing  a mathematical  model  using  dimensionless  groupings. 

It  should  be  pointed  out  that  some  of  the  scatter  in  the  "data"  is 
due  to  the  fact  that  each  value  of  0 is  a result  of  reading  values  from 
4 charts  in  sequence  so  that  there  can  be  considerable  accumulation  of 


error  due  to  rondiny  of  the  charts.  This  scatter  is  not  considered 
detrimental  to  the  present  study  since  any  actual  experimental  data 
would  exhibit  scatter  due  to  experimental  error,  variation  in  material 
properties,  etc.  Another  point  of'note  is  the  fact  that  the  Drago 
method  represents  a very  elementary  mathematical  model  and  predicted 
values  may  differ  considerably  from  actual  experimental  values;  there- 
fore, the  mathematical  model  obtained  using  dimensional  analysis  and 
regression  analysis  v/ill  predict  MTTF  with  an  accuracy  that  is  no 
better  than  the  accuracy  of  the  data  on  which  it  is  based,  (i.e.,  the 
Drago  method). 
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The  preceding  example  demonstrates  that  dimensional  analysis  is 
an  important  tool  for  use  in  the  prediction  of  mechanical  reliability  and 
should  be  implemented  in  all  future  test  programs.  Through  the  use  of 
dimensionless  groupings  of  variables,  a predicting  equation  for  mean 
time  to  failure  as  a function  of  / independent  variables  was  fitted  to 
33  "data"  points.  The  primary  advantages  of  the  use  of  dimensional 
analysis  are: 


i 

I 


1.  The  number  of  variables  in  the  problem  is  reduced,  thus 
reducing  data  requirements  and  simplifying  the  application  of  regres- 
sion analysis. 

2.  Dimensional  analysis  can  be  very  useful  in  planning  experi- 
mental work  to  get  maximum  information  from  a minimum  amount  of  raw 
data  since  only  the  magnitude  of  each  dimensionless  group  needs  to 
have  a range  of  values  and  every  individual  variable  does  not  need  to 
be  changed.  Also,  the  most  important  or  most  influential  variables  may 
be  isolated  easier  when  the  variables  are  in  dimensionless  groups.  By 
performing  a dimensional  analysis  before  an  experiment  is  planned,  the 
testing  can  be  done  more  economically.  Since  one  dimensionless  group 
can  be  varied  by  varying  only  one  of  the  variables  in  the  group,  the 
experimenter  can  choose  to  control  or  vary  the  dimensionless  group  by 
varying  or  controlling  the  variables  that  are  most  easily  varied  or 
controlled. 
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3.  A niathanatical  model  written  in  the  form  of  dimensionless 
groups  of  variables  for  a specific  design  or  type  of  item  can  be  more 
readily  adapted  to  a ncv/  design  of  the  item.  For  example,  it  is  likely 
that  a correlation  for  involute  splines  could  be  revised  for  circular 


splines  in  an  easier  manner  if  the  correlation  is  in  the  form  of  dimen- 
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sionless  groups  of  variables. 


In  addition,  the  use  of  dimensional  analysis  allov/s  prediction  of 
reliability  for  certain  operating  conditions  for  which  data  is  unavail- 
able. For  example,  suppose  in  the  process  of  designing  a spline  that  is 
to  operate  at  a speed  of  4000  rpm,  we  find  that  the  data  is  available 
only  for  a speed  of  2000  rpm.  If  a predicting  equation  in  dimensionless 
form  is  fitted  to  the  2000  rpm  data,  then,  in  the  absence  of  4000  rpm 
data,  the  predicting  equation  can  be  used  to  predict  reliability  of 
splines  at  4000  rpm. 


RECOf'IMENOATIOMS  FOR  FUTURE  WORK 


1.  There  are  strong  indications  that  dimensional  analysis  could 
be  used  in  developing  improved  methods  of  accelerated  testing.  Further 
' work  should  be  done  to  determine  the  feasibility  of  using  dimensionless 
variables  to  relate  the  results  of  accelerated  testing  to  actual  use 
conditions. 


2.  The  applicability  of  dimensional  analysis  to  the  prediction 


of  the  reliability  of  variety  of  mechanical  components  should  be  investi- 
gated. Such  an  investigation  would  include  further  work  on  the  prediction 
of  reliability  for  splines  as  well  as  devices  such  as  gears,  pumps,  etc. 

It  is  expected  that  such  an  investigation  v/ould  provide  input  for  plan- 


ning and  analysis  of  current  and  future  mechanical  reliability  test 
programs. 
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APPENDIX  A 


-n  ' 

Ootemiination  of  Dimensionl,ess  Variables 

< . for  Spline  Example 

■ i ' 

tr  Me  wish  to  form  a complete  set  of  dimensionless  variables  for 

the  case  of  full-depth  involute  splines  as  discussed  in  the  section 

\ 

Forming  the  Dimensionless  Groups.  The  method  outlined  in  Reference  (7) 
will  be  used.  The  pertinent  variables  along  with  their  dimensions 
1 are ; 


1 
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Variable 

Symbol 

Dimension 

Mean  Time  to  Failure 

F 

[T] 

Speed 

N 

[T'*] 

• 

Torque 

t 

[ML*T'*3 

i -f^ 

Length 

1 

[L] 

,j 

Diameter 

D 

CL] 

J 

Hardness 

B 

[ML'*T"*] 

1 

1 

Angular  Misalignment 

a 

Dimensionless 

Since  the  misalignment  is  already  dimensionless,  we  will  deal  with  the 
first  6 variables  only.  Any  dimensionless  grouping  of  these  6 variables 
will  be  of  the  form: 

H = F®  N^  t'^  D® 

where  II  represents  a dimensionless  group  .{some limes  called  a "pi-term"). 
The  values  of  the  exponents  a,  b,  c,  etc.,  will  bo  determined  such  that 
we  have  a complete  sot  of  dimensionless  variables  formed  from  the  6 
• variables.  The  dimension  equation  for  II  is 


[M]»  [L]‘  [T]«  = nf  [r']*’  [ML*  [L]“  [L]*-*  [ml”  T”] 

The  above  equation  may  also  be  written  as 
[M]“  [L]»  [T]»  = (-L]2c+d+e-f  ^^ja-b-2c-2f. 

therefore,  vie  can  write  the  following  3 equations: 


^ r,-i  ”•  T**if 


C+f  * 0 
2c+d+e-f  » 0 
a-b-2c-2f  « 0 


The  matrix  of  the  coefficients  of  the  6 unknown  in  the  above  equation  is: 


0 

0 1 0 

0 1 

0 

0 2 1 

1 -1 

1 

0 

• 

CM 

t 

1 

CM 

1 

o 

The  rank  of  the  above  matrix  is  3;  therefore,  the  number  of  pi-terms 

be  formed  from  the  6 

variables  is  6 - 3 

* ,3. 

Noting  that  we  have  3 equations  and  6 unknowns,  we  must  choose 
values  for  3 of  the  unknowns  and  solve  for  the  remaining  3 in  deter- 
mining each  pi-tenn.  For  the  first  pi-term,  we  choose  a = 1 (This  insures 
that  F will  appear  in  lli),  c = d = 0.  The  3 simultaneous  equations  now 
become : 

f = 0 
c-f  = 0 
l-b-2f  = 0 


The  solution  of  this  set  of  equations  yields  f = 0,  e * 0,  b = 1 so  that 


III  *=  F*  N*  t®  H®  D®  n® 
III  = FN 


We  want  the  dependent  variable,  F,  to  appear  in  one  pi-term  only; 
therefore,  in  determining  II2,  we  let  a * 0.  We  also  Tet  c * 0,  d » 1 
The  set  of  equations  becomes: 


f = 0 
1 + e - f = 0 
b - 2f  = 0, 


the  solution  of  which  is  f = 0,  b = 0,  e = -1 . Therefore, 

III  = F®  N®  t®  D‘*  B® 

Hi  = t/D 


Finally,  let  a=d=0,  f=lso  that  the  set  of  equations  becomes 

c + 1 = 0 
2c  + e - 1 = 0 
-b  - 2c  - 2 = 0 


The  above  set  of  equations  has  the  solution  c = -1 , e = 3,  b = 0, 


yielding 


Ilj  = F®  N®  t-‘  t®  0’  B‘ 

ri  = 5^ 
n,  — 


These  3 pi-terms  along  with  o which  is  already  dimensionless  are  a com- 
plete set  of  4 dimensionless  variables  formed  from  the  variables  pertinent 
to  the  spline  case: 


111  = FN 

112  * fc/0 


= a 


The  above  dimensionless  variables  fonn  a complete  set  because 
■<ach  dimensionless  variable  in  the  set  is  independent  of  the  others  in 
the  sense  that  no  dimensionless  variable  in  the  set  is  a product  of 
powers  of  the  other  dimensionless  variable.  Although  innumerable  other 
dimensionless  variables  can  be  formed,  any  other  dimensionless  variable 
is  a product  of  powers  of  the  dimensionless  variables  in  the  set. 

Obviously,  there  is  an  infinite  number  of  complete  sets  of  dimen- 
sionless variables  other  than  the  set  developed  above.  Selection  of 
the  best  complete  set  depends  on  the  way  in  which  the  model  is  to  be 
used  and  the  experience  of  the  engineer.  Any  knowledge  available  con- 
cerning the  phenomenon  enhances  the  ability* of  the  engineer  to  select 
the  best  complete  set. 


APPENDIX  B 


Rating  the  Load  Capacity  of 


Much  work  hns  bt$en  done  to  standardize 
spline  geometries,  but  little  has  been 
done  to  standardize  load-capacity 
ratings.  Thus,  spline  performance  is 
difficult  to  predict  with  conventional 
design  procedures.  Now,  with  a new  set 
of  charts,  service  life  can  be 
determined  quickly. 
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\lNvoLUTE  siM  iNES  connPct  rolalinR  parts  in  applica- 
..iiions  as  diverse  as  lieliiopicr  rolors  and  machine- 
tool  gearboxes.  Uul  too  often,  each  application  uses 
its  own  Special  dcsi);n,  'lhcrc_n».  ver^  little  lileratuic 
on  how  to  determine  the  inlptcliani;i'abilily  of  a 
snime  amone  differrnt  «ipcr.uinj’  conditions. 

As  a result,  a new  spline  appliraiion  must  be 
analyzed  in  depth  to  determine  how  long  a particu- 
lar design  will  last  or,  conversely,  wliij  h desifjn  best 
fits  the  functional  rc<piirements.  Now,  with  a newly 
developed  set  .of_dc_siyt  tjiarl.s.  a spline  can  l)c_ 
checked_quii  kly  to  determine  it.s  life  uivlcr  specific 
operaliiif;  conditions.  Ur,  the  pi;rformancc  requirc- 
meiits  can  bo  u.«icd  to  lind  a spline  design  that  will 
last  for  tile  desired  life. 

I'hc  riiarts  arc  based  on  equations  common  to 
the  industries  that  use  involute  splines.  'I hey  repre- 
“sent  “average”  operatmi;  ( undiimns,  and  they  apply 
to  tilinosl  any  spline  applii  aiiop. 

I he  prime  factors  to  ( unsidcr  in  spline  design  are 
the  eoinpiessivi-  (smf.ne  be.uinp)  stuss  .S’,,  and 
the  shear  (tooth)  stress  .S,.  "I he  equations  for  these 
stresses  are 

s,  - ar/i))o/NUi)(Kj 

< S„K,/K.K, 

S,  (2I/M)(l/l)Nt.l)<K„) 

,,  <S.,K,/K. 

^ Ihesc  equations  (with  N.  /(,  and  t cmrvertcd  to 
functions  of  diainetr.il  (liidi)  are  the  basis  for  the 
design  chaits  pre.sented  line.  Ihe  only  approxima- 
tion involved  in  Ihe  rh.iils  is  m Ihe  use  of  *'iiom- 
inal"  tooth  thii  kness  in  the  shear  stress  equation. 


For  most  designs,  this  aiqmixiination  introduces  a 
maximum  error  of  less  than  Cy%. 

Before  getting  into  a discussion  of  hq\v  to  use 
the  charts,  it  is  im|)orlant  to  understand  how 
splines  work,  how  they  fail,  and  how  v.’irious 
l»rocesses  help  prolong  life.  I his  understanding 
makes  the  load  factors  (K„  and  K„)  easier  to . 
estimate. 

Types  of  Spline  Joints 

Generally,  spliiic  joiids  fall  into  two  categories; 
fixed  and  working.  In  a w(7riniig“7oTht,nfic~mafmg" 
members'*iirc  free  to  move  relative  to  each  other. 
Rut  in  a fixed  joint,  both  ends  of  the  spline  are 
rlam))cd  and  piloted  to  jrrevent  relative  motion.  In 
addition,  many  intennedialc  (semisvorking  or  semi; 
fixed)  spline  joints  arc  possible.  For  example,  a 
spTniiTwith  loose  pilots  at  each  end  or  with  O-rings 
to  retain,  a grease  pack,  while  not  fully  fixed,  can- 
not be  considered  fully  working  cither  because 
relative  motion  is  restricted  to  some  degree. 

A working  spline  generally  joins  two  inde- 
pendently siii>poncd  shafts  that  may  also  he  .slight- 
ly offset  axially  (from  tolerance  huildiips) . '1  his  type 
of  spline  accommodates  the  off.sel  easily  without 
excessive  loss  in  basic  load  capacity.  Fixed  splines 
may  also  join  independently  supported  shafts,  but 
' the  shafts  must  he  aligned  more  accurately.  Most 
frequently,  however,  fixed  splines  mount  precision 
gears  to  shafts,  particularly  in  high-load,  high-speed, 
light  weight  applications. 

Usually,  till?  .surface  load  capacity  of  a fixed 
spline  is  considerably  higher  than  that  of  a working, 
spline.  In  a w'  .King  spline,  relative  motion  between 
m.iiiii);  suif.ices  induces  a high  wear  rale,  even  at 
rel.itively  low  healing  stres.sc.s.  Mill  in  a fixed  joint, 
lestricted  motion  lesults  in  a low  wear  tate,  making 
surface  fatigue  the  primary  failure  mode. 

Spline  Failure  Modes 

Spline  joints  '’fail"  in  any  niimhcr  of  different 
ways,  hut  many  f.iihirc  modes  (such  as  fretting  cur- 
rosioii)  cannot  he  analyzed  diieclly.  Fortunately, 
jihysical  f.iilures  can  he  analyzed,  ami  they  are 
generally  divided  inio  four  classes.  Two  classes, 
shaft  shear  (lorsioiul  shear  failure  of  Ihe  sli.ift 
.section  un<ler  the  .spline  leeth)  and  bursting  of  .in 
internal  spline  (from  radial  and  centrifugal  loads). 
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arc  primarily  shaft  related  and  arc  not  treated 
here  because  tl^y  do  not  orrur  often. 

The  other  two  tnoth-relate<l  failure  modes  are 
much  more  common.  Tlicse  modes  arc  tooth  shear., 
(actual  shearing,  off  of  a tixith  projection  from  the 
sliart)  ami  .surface  distress  of  tlic  tcetl)  (from  wear 
or  surface  fatigue).  In  the  shear  mode,  a spline 
immediately  censes  to  transmit  power,'  while  in  the 
wear  mo<le  it  riegrades  ’radually  before  complete 
failure.  Wear  failure  can  only  be  detected  during 
periodic  inspection. 

Surface  distress  is  by  far  the  most  common  fail- 
ure ntode  encountered  in  spline  joints.  This  failure 
may  lake  the  form  of  wear  (material  removed  from 
mating  surfaces)  or  spalling  of  mating  surfaces 
from  fatigue.  Frequently,  over  a long  period  of  time, 
these  two  types  of  failure  combine,  with  fatigue 
resulting  from  a worn  surface.  f)n  the  other  haitd, 
depending  on  spline  configuration,  the  joint  may 
"wear-in"  to  remove  a potential  failure  zone.  Here, 
highly  loaded  local  areas  caused  by  high  spots, 
slight  misalignment,  or  tooth  index  errors  may 
wear  to  relieve  the  load  and  distribute  it  over  a 
larger  area,  thus  prolonging  life. 

One  of  the  most  significant  factors  causing  wear 
in  a spline  joint  is  misalignment,  which  causes  high 
bearing  stresses  at  the  contact  points.  Normally, 
with  a well  ajigned  shaft,  wear  can  he  prevented 
by  .lengthening  a spline  to  reduce  bearing  stress, _ 
thus  lowering  wear  rate.  However,  if  wear  is  caused 
by  excessive  misalignment,  lengthening  the  spline 
is  not  likely  to  i educe  wear  rale.  Del  ter  .solutions 
arc  to  reduce  length  and  increase  diameter,  or  per- 
haps crown  the  teeth  of  the  external  member.  Of 
course,  the  best  .solution  is  to  eliminate  misalign’-" 
ment  allogclbcr;  however,  this  fix  may  not  he  prac- 
tical from  a design  si.’iiulpoiot  (the  misalignment 
m.'iy  he  the  vi’iy  le.ison  why  the  spline  is  used), 
(lencrally,  lliougli,  it  siili.l.'inlial  iiiisaligniiient  is 
mliefcnt  in  the  applicatinn,  a irowned  spline,  a 
largc  diamclcr  short-length  spline,  or  a more  com- 
plicated (oiipliiig  should  be  custom  designed  for 
the  .application. 

One  way  to  uveicomc  slight  misalignment  (par- 
ticularly in  high  speed,  high  load,  precision  ge.ir- 
hoxes)  uses  a "ijudl"  hetwoun  the  ilriving  and 
driven  sh.afis.  D.isirally,  .1  (|uill  .shaft  is  an  extia 
shaft,  splined  at  both  ends,  that  floats  hetween 
the  other  two  shafts.  I lii.s  free-floating,  c.ip.ihilily 
.illows  Itic  (|uill  sh.ift  to  scif-align  to  .some  degree 


Working  Spline 


In  a working  spline  joint,  the  mating  parts  are 
free  to  move  relative  to  each  other.  This  type 
of  spline  usually  connects  two  independently  sup- 
ported shafts  that  also  may  be  slightly  offset 
axially.  It  accommodates  the  offset  with  little 
loss  in  load  bearing  capacity.  Wear  is  the  pre- 
dominant failure  mode. 


Fixed  Spline 


A fixed  spline  joint  restricts  relative  motion  be- 
tween mating  parts.  TItis  type  of  spline  usually 
mounts  precision  gears  to  shafts  in  high-load,  high- 
speed, lightweight  applications.  We.ir  combined 
with  surface  fatigue  is  the  primary  failure  mode. 


to  .nccommod.'ilc  the  mi.sm.'rlch  between  the  diiving 
ni«d  driven  members.  Iltrl  (ptrll  shafts  arc  difficult 
to  lulrricatc  and  position.  Ami,  if  misalignment  is 
large,  a significant  bentlirtg  moment  may  he  ai'pltcd 
to  the  ((trill  shaft,  so  it  behaves  .somewhat  like  a 
rotating  fatigue-test  specimen.  Crowned  teeth  add 
to  the  rnisalgnmcnl  capahrlity  of  a t[uill  shaft,  es- 
' (iccially  in  high-speed,  high-load  a|>plicatioiis  rn 
arrcrafl. 

Shear  failure,  as  a pi  unary  mode,  is  rclatrvely 
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rare  in  most  spline  npplir.it  inns.  'Miis  f.iiliire  n*.ii,illy 
nrriirs  :is  .1  r.ernhil.iry  mode  .itlrr  llte  lech  li.ive 
worn  excessively  lliiii  nr  :is  .1  result  nf  sevi-'c  nvci 
ln:ul  nr  imi'.icl  ln;ulm/;.  Mnwevrr,  slu'.ir  r:'ii  he  a 
priinaiy  mnde  in  .i  s|)lini‘  joint  stihjcrled  to  .severe 
iinp.ict  Inadiiif;  lliioupjiniil  its  life.  In  this  case, 
shear  analysi.s  slundd  he  emphasi7.e<l  hcr.iir.c  the 
.spline  may  fail  in  sliear  hefore  it  has  .i  chanre  to 
wear  in.  Therefore,  even  thouph  shear  may  not  he 
a detcrmininR  fartnr  in  the  design  of  a spline  joint, 
shear  stresses  should  always  be  checked  as  a inntler 
of  course. 


Full-Depth  VS.  Half-Depth  Teeth 

Until  full  .ind  lialf  (Irptli  .tplinrs  c.in  be  .inalyrejJ  with 
these  cli.irls  Most  spline.s  in  use  are  h.ilf  depth  be- 
f.iiise  they  luve  .1  number  of  adv.inl.ines  over  full-depth 
splines,  rirst.  bec.iu'e  tooth  heip.ht  r.ener.illy  determines 
the  amount  of  b.icltup  nnteri.1l  required  behind  the 
teeth,  the  InU  deplli  spline  provides  .1  more  compact, 
.and  often  liphlcr.  over.ill  desipn.  Second,  the  relatively 
•hich  teeth  on  a fnll  depth  spline  are  somewhat  more 
sensitive  to  mis.ilipnmcnt.  In  .addition  to  these  opcr.i- 
t1nn.1l  considerations,  several  maniifacturinf;  methods, 
such  as  bro.irliini;  or  roll  forming,  are  easier  to  perform 
on  the  smaller  h.alf-deplh  spline  terth. 

In  spile  of  these  consider.itions,  full-depth  splines  h.ive 
about  double  the  stirf.ire  (hc.irini;)  load  capacity  of 
equivalent  h.ilf  deptli  splines.  In  applications  where 
this  increased  c.ip.icity  i.s  needed,  it  Is  worth  the  effort 
to  overcome  llie  inherent  disadv.int.if^es  of  the  full- 
depth  desipii.  A ttpir.il  applir.ition  for  full-depth  spline.s 
is  on  the  rotor  shafts  of  some  l.ir/;c  helicopters;  joints 
that  are  cener.illy  fixed  so  that  other  v.iti.ihles  Can  be 
controlled.  Another  ar-pHealion  is  in  hiqh-spced,  "near** 
couplinns  th.1t  use  full-depth  (often  crowned)  teeth  to 
connect  rotatiiiR  sliatt.s. 

The  .standard  pressure  ancle  lor  half. depth  splines  is 
.10*.  The  pressure  anple  of  full-deptli  splines  commonly 
is  20',  however,  it  sometimes  must  be  varierl  accordinc 
to  !lie  particular  de.sicn  to  .avoid  pointed  teeth,  llic 
dr.iwinc  shows  the  differenees  in  tooth  size  and  bearing 
area  hclwren  full  and  hall-deplh  splines.  The  addendum 
of  a full. depth  .spline  equals  I /I’d.  while  that  of  a half- 
depth  spline  equals  1/f's.  where  I’d  ’ ilianictr.il  pitch 
(ratio  of  miinher  of  teeth  to  pitch  dl.iiiirter)  and  P.s  ~ 
"stub"  pitch  (2Pd).  Ihe  pilch  of  a spline  commonly  is 
pivoii  as  a ratio  (I0/.12.  20/10.  and  so  on)  with  the  nu- 
merator hcinc  llic  diametral  pitch  and  the  denominator 
being  the  sluli  pilch. 

Fiill-Dcpih  Hall-Dcplh 
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Coalings  and  Surface  Treatment 

W'r.ir  is  nflon  rjiiistul  hv  |i<inr  luhrir,ilii<ti  ,<;cinio- 
times,  tle.s|iile  the  most  d.iliur.ilc  luluic.iliiiti  sys- 
tem. Ihe  only  w.iy  to  |)iovrn(  wear  is  to  apply  a 
ro-itinp  or  .suif.-ue  liealmpiil. 

The  must  cnnmirm  ro.ilinps  ate  .soft  ones  like 
lilack  oxide,  phosph.ile,  nylon,  silver,  and  copper, 
and  various  li.ird  coalinns  such  as  fl.ime  or  plasma- 
.sprayed  materials.  The  soft  cnaliuRS  aid  initial 
wenr-in  and  also  hihricalc  Ihe  surface  with  a pliant 
film  duriii/;  operation.  The  haul  coatiiips  approach 
Ihe  wear  prohlem  from  the  opposite  end  of  the 
spccinim:  that  is.  they  iiroducc  a surface  that  re- 
sists wear  hy  virtue  of  extreme  haidiicss. 

.If  the. surface  hearinj;  stresses  arc  low  (less  tlian 
.T.flOO,  psi),  a nyloii-coatini;  is  often  the  bc.st  way 
to  prevent  wear  jnd. damp. tiic  spline  joint,  llic  coat- 
inp.  a few  Ihous.mdths  of  an  inch  thick,  is  .applied 
to  the  enlire  spline  surf.icc  (p.onerally  on  the  ex- 
lernnl  memher) , Usually,  to  allow  room  for  Ihe 
thickness  of  Ihe  nylon  and  still  provide  proper  fit. 
Ihe  cut  size  of  the  spline  must  be  reduced.  The 
other  ro.itinps  .ire  thin  enouph  (on  the  order  of 
a few  thousandths  of  an  inch)  so  that  no  modifica- 
tion is  required. 

Other  alteninlives  In  improve  spline  load  capacity 
include  case  hardeninp  processes  such  as  carbii- 
rizinp  and  nitridinp.  These  processes  pcncrnlly  pro- 
duce a very  hard  (R,  .'18  to  Cl)  wear  rcsislatit 
surface.  Unforlimatoly,  they  also  increase  the  cost 
of  the  parts  because  special  operations  are  needed 
to  control  or  correct  heat  treatment  distortions. 


EXAMPLES 

rrnhirm  I:  Consider  .1  fixed,  half-depth  spline  trsns- 

mittlng  torque  T l.noo  th  in,  iind  oprr.iling  under  liRht 
shock  and  misalignment  (le.ss  than  0001  In./In).  The 
spline  is  made  of  AI.SI  0.110  rase  rarburlzcd  steel  with 
* surf.icc  hardness  of  00  to  0-1.  Dimensions  nr*  L “ 

0.30  in.  and  l>  ~ 0.75  in.  f ind  Ihe  bearing  nnd  shear 
stresses  and  the  projected  life. 

1.  On  Chart  I.  at  L = 0 30  In.  amt  D = 0.75  in.,  find 
} = 0.5. 

2.  On  Chart  2 (h.ilf  drplli  braring  stress  plots,  light 
niir..ilii;iimenl),  at  J : ■ 0 .5,  find  K = 0.5  for  henrlng 
stress 

.1.  On  iTi.itl  2 (she.ii  ,s|m-.s  plots,  light  niis.illgiimcnl), 
at  J — 0 5,  tlnd  K ‘ G O frir  shear  stress. 

1.  Calculate  S„  = (1000)  (0  .5)  = 9.500  psI. 

5.  Calculate  S,,  r:  (\000)  (G.O)  :=  0.000  psi. 

6.  On  Chart  .1A.  for  .5,,  -t  9.500  psi,  K,  = 1.0  (light 
shock),  and  R,  00  carburized  steel,  (ind  bearing 
stress  life  factor  K,  -:  1.30. 

7.  On  Chart  3fl.  for  .5.,  “ 0,000  psi.  K,  = 10,  and 
It,  CO  ratburized  steel,  (Ind  shear  stress  life  factor 
K,  Z--  0.125. 

8.  On  Chart  -1.  at  Kj  - I , 10  tor  a tlxed  spline,  find 
■lio.iring  stress  life  ~ 7.1  X 10’  revolutions. 

9.  On  Chart  1 again,  at  K,  ~ 0.125,  limi  shear  stress 
life  <h. 

to.  I’rob.ible  life  is  7.4  X to*  revolutions. 
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Aiiiiihii’.Ii  siir(ari'  h:ii (toned  parts  have  a wear 
life,  lliey  may  peiform  poorly  if  not  made  accurate- 
ly. "I hose  parts  do  not  "wcar-in''  very  well  and  may 
destroy  themselves  if  each  to(d!i  doevs  not  carry 
its  share  of  the  load.  On  smaller  splines,  lappiii); 
is  an  inexpensive  and  often  effective  way  to  finish 
hardened  surfaces,  'this  (irotess  improves  the  finistr 
and  corrects  minor  errors  at  considcralrly  lower 
cost  than  {^rinding. 

Lubrication 


Because  splines  are  often  outside  an  enclosure, 
a pressurized  oil  system  may  not  lie  available  to 
lubricate  the  joint.  Ihorcforc,  grease  is  a common 
spline  lubricant.  Generally,  the  spline  joint  is 
packed  full  of  grease  and  a retention  mctliod  de- 
vised so  that  the  grease  does  not  centrifuge  out 
of  the  joint. 

One  drawback  to  grca.se  lubrication  is  that  wear 
particles  arc  lrap)icd  in  llie  grease.  After  a time, 
the  mixture  hecomc.s  abrasive  and  may  accelerate 
wear.  For  this  reason,  grease  lubricated  working 
splines  should  be  rcgrca.scd  periodically,  and  the 
old  grease  (and  wear  particles)  purged  rather  than 
merely  rcplcnislicd.  One  exception  to  this  rule  is 
the  ease  of  a fully  locked  or  fixed  .spline.  If  relative 
motion  is  severely  rcsliiclcd,  llic  initial  grease 
pack  may  last  for  hundreds  or  even  thousands 
of  hours. 

If  the  spline  is  internal  and  the  gearbox  is  oil 
lubricated,  titc  joint  may  be  lubricated  liy  oil  splash 
or  direct  oil  jet.  In  either  ease,  the  oil  flow  holli 


luhricatrs  and  rcmovc.s  wear  parllric.s,  thus  reduc- 
ing wear. 


Another  method  of  hil'iicalion  that  has  been 
used  with  some  success  directs  oil  down  the  fciilcr 
of  a hollow  shaft  to  radial  holes  in  llie  s|>line.  Tlic 
oil  flows  liy  centrifugal  force  Ihroiig.li  the  spline 
and  out  llirongh  exiein.il  iiicteiinp.  holes.  The  holes 
shonid  he  large  enough  to  prevent  clogging  yet 
small  enoup.h  to  "flood”  the  tooth  area.  This  method 
is  an  effective  means  of  cooling  and  lubricating 
the  joint  aiKl  flushing  out  sludge. 

Coalings  and  hiliricanis  g.enerally  work  in  con- 
cert. l-'or  example,  black  oxide  enhances  the  oil 
^retention  or  oiliness  of  spline  teeth,  and  silver 
plate  acts  like  an  extiemo  pressure  film  during 
hreak-in  and  operation.  In  some  eases,  however, 
lubrication  is  superfluous,  a.s  with  .some  forms  of 
nylon  coatings  (these  coatings  operate  best  when 
unlubricatcd) . 

Rating  Spline  Load  and  Life 

With  this  basic  understanding  of  the  factors  that 
affect  spline  life,  the  use  of  the  design  charts  for 
rating  load  and  life  will  he  more  clear.  The  charts 
caji  J)e_us^d  in  either  of  two  eases.  Firsc  iripline' 
material,  gcnineiry,  and  (iperalin^  conditions  aic_ 
known,  the  load  capacity  and  potential  life  of  thc^ 
joint  can  be  deiermined.  .Second,  if. ji'C_c!esircd 
life,  loading  conditions,  and  material  arc  known, 
the  geometry  can  he  found. 

Two  factors  must  be  determined  before  the 
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annlysis  rnn  bri’.in;  llio  load  disltiluilion  fartor  l<„ 
' aiumic  ovnrioad  farinr  K'„.  I\,„  is  a fiiiution  of  Dip 
inisair|;nmpiil  prcsoiil  in  llip  joint.  Since  misalii’.n- 
mcnt  can  have  a siftnificant  efferl  on  the  load 
capacity,  care  should  he  taken  to  choose  as  realistic 
a value  as  possible  for  Typirally,  for  lip.ht  mis- 
alignment (0.000  to  0.001  in. /in.),  K„  rt  1.0;  for 
moderate  misalignment  (0.001  to  0.004  in. /in.), 
K„  12  2.0;  and  for  heavy  misalignment  (0.004  to 

O.OOR  in./in.) . K..  3 0. 

-The  actual  peak  load  applied  to  a spline  may  ho 
considerably  hip.her  than  the  stcadj^stale  design 
load.  Factor  K„  adjusts  the  load  rating  to  account 
for  any  shock  loads  on  the  driven  ami  driving  mem- 
bers. Typical  values  for  K,  arc  listed  in  the  table 
near  Chart  3. 


The  pr<K’p«liirp  when  loatl  and  life  must  be  de- 
l“rinine(|  from  ni.iterial  and  g'^oinetty  is; 

1.  ( halt  1:  I iiiil  geonietiy  factor  .1  at  known 
pitch  diarivter  /)  and  length  f.. 

2.  Chart  2;  On  the  proper  curve  (relating  mis- 
alignment, stress,  aiul  sidinc  design),  find 
torque  factor  K at  known  J and  known  (or 
estimated)  K„. 

3.  Calculate  allowable  hearing  stress  and  al- 
lowable shear  stress  , from  S .-  TK. 

4.  Charts  3A  and  311:  Find  two  life  factors  K,, 
at  known  values  of  and  S,,  for  the  given 
material. 

5.  Chart  4:  At  known  values  of  /(,,  find  the 
piojecicd  spline  life.  Use  lower  life  as  pro- 

. jeetion. 


Prohttin  2:  Constder  ,i  spline  made  ef  300  Bhn  steel 

th.1t  must  Innsmit  i lor<|iic  T ~ 8.000  th  in,  under  con- 
ditions of  inodci.ile  shock  ind  inisnlinnmcnt.  Required 
life  Is  10'  rcvniullon.s.  Determine  (he  spline  dimensions 
for  this  epplicniion. 

1.  On  Ch.irl  t.  .it  life  “ 10'  revolutions,  (ind  K,  — 0.3 
(or  shear  stress  and  K,  = 0.9  for  hearing  stress. 

2.  On  chart  3A.  at  K,  --  0 9,  300  tJlin  steel,  and  K,  = 
1.5  (moderate  shock),  find  — 1,700  psi. 

3.  On  Chart  3R.  at  K,  - 0 .3,  300  Bhn  steel,  and  K.  = 
1.5,  find  = 8.000  psI. 

4.  Calculate  bearing  stress  torque  factor  K = 1700/ 
8000  - 0.21. 

5.  Calculate  shear  stress  torque  (actor  K = 8000/8000 
= t.OO. 


6.  On  rlinrt  2 (half-depth  hearing  stress  plots,  njcdlum 
misalignment),  at  K ~ 0 21,  find  J — 0.103  (or  bear- 
ing stiess. 

7.  On  Chart  2 (shear  stress  plots,  medium  niisallgn- 
mcitl,  at  K •“  1.00,  find  J = 0.80  (or  shear  stress. 

8.  Since  J for  hearing  stress  Is  lower  than  J (or  shear 
stress,  hearing  stress  is  the  more  important  faetor. 
Therefore,  any  combination  of  L and  D that  meets 
■long  the  J = 0.108  line  on  Chart  I will  satisfy  the 
stress  and  life  requirements.  The  choice  of  L and 
D should  he  based  on  the  availahle  space,  keeping 
Ratio  L/D  as  small  as  praclicahle.  lor  example, 
a XC  in.  diameter  spline,  about  I.O  In.  long  will 
do  the  Job  here. 


Chart  2 — Torque  Factor 
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For  ilclcrmiiiini;  c,comclry  from  desired  life  and 
inatcriiil,  flie  prororlurc  is; 

1.  (Miatl  •!:  Al  di  sii'-d  life,  find  life  faelor  Kf.. 

2.  Charts  3A  and  311:  Al  known  K,.,  find  allow- 
able bearing  and  shear  stresses  S,,  and  S, , 

3.  Calculate  a lor»|ne  factor  K for  both  bear- 
Inj;  and  shear  stress  from  K : S/T. 

4.  Chart  2:  On  the  relevanl  curves,  al  known  K 
and  known  (or  estimated)  K„,  find  a peom- 
ciry  factor  J for  both  bcarinj;  and  shear  stress. 

5.  Chart  1:  Use  the  stnaller  J frrrtn  Step  d to  find 
length  /•  and  pitch  diameter  D. 

Both  procedures  determine  llie  hearing  stress  ami 
the  shear  stress.  Generally,  hearing  stress  limits 
long-term  life  while  shear  stress  limits  the  impact 
or  shock  load  capacity.  □ 
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f.ictor 
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Compressive  (surface  be.irtng)  stress,  pti 
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: .^be.tr  (loorb)  stress,  pst 
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Chart  3A  — Bearing  Stress  Life  Factor 
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How  Overload 
Factor  Reflects  Shock  Loads 
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Overload  Factor 

— Shock  on  Driven  Member — 

K. 
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Heavy 

Shock  on 
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1.00 

1.25 

1.75 

Prlvinp 

Moderate 

1.25 

1 .50 

2.25 

Member 

Heavy 

1,50 

1.75 

2.50 

Chart  3B  --Shear  Stress  Life  Factor 
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Chart  4 — Probable  Life 
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